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(57) Abstract 

Graft polymeric membranes in which one or more trifluorovinyl aromatic monomers are radiation graft polymerized to a preformed 
polymeric base film are provided, as well as ion-exchange membranes prepared therefrom. Preferred monomers include substituted «, /?, 
/?$g(-)trifluorostyrenes and trifluorovinyl naphthalenes which are activated towards the grafting reaction or facilitate the introduction of 
more than one ion-exchange group per monomer unit in the grafted chains. The ion-exchange membranes are useful in dialysis applications, 
and particularly in electrochemical applications, for example as membrane electrolytes in electrochemical fuel cells and electrolyzers. 
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GRAFT POLYMERIC MEMBRANES AND 
I ON- EXCHANGE MEMBRANES FORMED THEREFROM 

Field Of The Invention 

The present invention relates to graft 
polymeric membranes in which one or more 
trif-luorovinyl aromatic monomers are radiation 
5 graft polymerized to a preformed polymeric base 
film. Where the grafted polymeric chains are 
modified to incorporate ion-exchange groups, the 
resultant membranes are useful in dialysis 
applications, and particularly in electrochemical 
10 applications, for example as membrane electrolytes 
in electrochemical fuel cells and electrolyzers . 

Background Of The Invention 

The preparation of graft polymeric membranes 
15 by radiation grafting of a monomer to a polymeric 
base film has been demonstrated for various 
combinations of monomers and base films. The 
'grafting of styrene to" a' polymeric "base film," and 
subsequent sulf onatioh "of ! the grafted polystyrene 
-20 .. chains 1 , has. been t used: to . prepare ion -exchange . ■ 
membranes . 

: U.:S. Patent. No. X 012, 303, reports the 
radiation grafting, of a, S, fi-trif luorostyrene (TFS) 
to polymeric base films using gamma co 1 

25 irradiation, followed by the introduction of 

various ion- exchange' substituents to , the pendant 
aromatic rings of the grafted chains'. With co- 
irradiation, since the TFS monomer is ' . 
simultaneously irradiated, undesirable; processes 

30 such as monomer dimerization and/or /independent 



homopolymerization of the monomer may -occur in - 
competition with the desired graft polymerization 
reaction . " 

U.S. Patent No. 4,012,3 03 also rep'orts that 
the- TFS monomer may be first sulfonated arid then 
grafted to the 'base film. Thus, the introduction 
of ion-exchange groups into the membrane ' 'can be 
done as part of the grafting process,' or -in a 
second step . 

More recently, the grafting of TFS to pre - 
irradiated polymeric base films, followed by the 
introduction of various substituents to the 
pendant aromatic rings of the grafted chain has 
been reported in U.S'. Patent No : 4,605,6 85. Solid 
or porous polymeric base films, such as for 
example polyethylene- and polytetraf lubroethylene , 
are pre -irradiated and then contacted with TFS 
neat or in solution. r - Pre-irradiation ' is 
reportedly a more economic and efficient grafting 
technique, reportedly giving a percentage graft of 
10-50%' in reaction times of 1-50 hours. Aromatic 
sulfonation, haloalkylation, amination, 
hydroxylation, carboxylatiorf, -phosphonat ion and 
phosphoration •■ are among the reactions Subsequently 
used to introduce ion-exchange groups into the 
grafted polymeric chains. Post-sialf oriatiori rates 
of 40% to 100% -aire reported.' ' - 

In either case the prior art TFS-based : 
grafted membranes incorporate a maximum of one 
functional group per monomer unit' in the grafted 
chain. Further, they typically incorporate only 
one type of functional group as substituents on 
the pendant aromatic rings in the grafted chains. 

In the present invention, one or more types 
of substituted TFS monomers are grafted to 
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polymeric, base films, the -substituents being : 
selected .to . of fer particular advantages; f or - 
example : 

(a) . ■ substituted TFS monomers which are activated 

5 - . by ..virtue of their aromatic substituents have ;■ 
; ..increased reactivity in the grafting, reaction 
facilitating grafting and/or are activated in 
subsequent reactions to introduce ion- 
exchange functionality into the , grafted 
10 chains; ; - 

(b) -grafted chains comprising .monomer units with 

more than one ; aromatic ring permit /the 
introduction of. more than one ion-exchange 
group per grafted monomer unit , ^.enabling the 
15 achievement of higher ion-exchange . capacities ■ 

at lower percentage ; grafts than , in .prior , art 
: grafted polymeric -membranesv , , 

(c) substitute^ TFS . monomers in which A the. 

. : substituents are precursors t tq ion-exchange 
20 . . . . groups may be transformed-.. to ion-exchange ; 

groups after .the -grafting reaction,; and can 
facilitate, the introduction ; of more than' one 
type ■ of ion- exchange vgroup into the, graf ted 
; chains for ,example,..;sp f;f that . both, cation and 
2 5 anion exchange groups may be ..^incorporated- in 

, . .» a membrane. , - 

Other trif luorovinyl aromatic or 
heteroaromatic monomers offering one or more of 
the above described advantages similarly may . be 
30 grafted to polymeric, base films to give novel. 
graft polymeric membranes. 
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Summary Of The Invention . : .* : 

Graft' polymeric membranes comprise one or 
more trif luorovinyl aromatic monomers radiation 
graft polymerized to a preformed polymeric base 
film. In a first embodiment, a graft polymeric 
membrane comprises a preformed polymeric base film 
to which has been graft polymerized a substituted 
a, S, S- trif luorostyrene monomer selected from the 
group consisting of monomers of formula (I) : 



(I) 



15 ' 

' The group A may be OR, SR, NRR ' (where R and 
R' are independently selected from the group 
consisting of alkyl, fluorbalkyl and aryl) , which 
are substituents that activate the monomer. 

2 0 " ' The monomer of formula (I) may have more than- 

onearomatic ring, for example when A is Ph, OPh, 
SPh, N(R)Ph (where 'R is' selected from the group 
consisting of hydrogen, Ph, alkyl and 
f luoroalkyl) , (CH 2 ) n Ph or (CF 2 ) n Ph (where n is an 

25 integer greater than zero) . Of these, the groups 
Ph, OPh, SPh, N(R)Ph are particularly preferred. 

Other substituents, A, which are useful 
precursors to ion- exchange groups can be 
advantageously selected, for example, S0 2 X (where X 

30 is selected from the group consisting of F, Cl, 
Br, I), OH, NH 2 , CN, and N0 2 . 

In a second embodiment, a graft polymeric 
membrane comprises a preformed polymeric base film 
to which 1 has- been graft polymerized a 1 
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trif luorovinyl naphthalene monomer selected from 

the group consisting of monomers of formula (II) : 

.; CF=CF : 

^ ^ (ID 




B may be hydrogen, or may be selected from 

10 the preferred substituents described above for A 
in formula (I) . 

These and other trif luorovinyl polyaromatic 
and heteroaromatic monomers may be advantageously 
graft polymerized to polymeric base films, as such 

15 monomer units provide more sites for subsequent 
introduction of. functional groups, t and in many 
cases, the aromatic rings ; are electron rich and 
activated compared to that of TFS . 

In any of the embodiments described above, 

20 the preformed polymeric r base ..film may be grafted 
with a single monomer whereby the grafted chains 
are homopolymeric . Alternatively, the preformed 
polymeric base film may be grafted with a mixture 
of monomers to give grafted chains which are 

25 copolymeric . The monomer mixture may comprise, or 
may consist predominantly of, one or more monomers 
described by .the formulae. In some embodiments 
the mixture may consist of monomers described by 
the formulae . 

30 Preferred vinyl monomers for co-grafting with 

those described by the formulae include styrene 
and ethylene-based monomers, fluorinated ethylene- 
based monomers, and other a, trif luprostyrene 
monomers. For example, one or more monomers of 
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formula (III) may be included in the i 'mixture :' 



CF=:CF 7 



5 




- (iii) 



D 



where D is selected* from the group consisting 
of 'hydrogen, halomethyl, perf ludroalkyl , 

10 perf luoroalkenyl and 'fluorine and S0 3 ~M + , the 

latter representing a sulfonic acid salt where M v 
is a counterion. 

Depending oh the nature of the monomers 
incorporated into the grafted chains of the ' 

15 membranes described above/ ion-exchange groups may 
be introduced by the- transformation of precursor 
groups already present ' as aromatic subst ituehts in 
the monomers,' and/or via' p6st-graft react ion- 
processes . For ' example', ' the. membranes may be 

20 subjected to a reaction process selected from the 
group consisting- of sulf bnation, 'phosphonat ion, ; 
phosphorylation, amination,- carboxylation, 
hydroxylation and nitration whereby ion-exchange 
groups are introduced into pendant aromatic* rings 

25 of the grafted chains, 1 directly by these reaction 
processes or via these" reaction processes in 
combination' -with subsequent steps." 



3 0 grafted chains comprising monomer units of formula 



In one embodiment, an ion-exchange membrane 
comprises a preformed polymeric base film with 



(IV) : 



— CF— CF 2 — 



35 




(IV) 
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where, A r is -OH, OR-,. SR or NRR '. . (where R and R 1 
are independently selected from the group 
consisting of alkyl, fluoroalkyl and aryl) and at 
lea^t a portion of the monomer units include at 
5 least one ion-exchange substituent on the aromatic 
ring thereof. In preferred embodiments at least a 
portion of the monomer units include at least two 
ion-exchange ,substituents , which may the same or 
different from each other, on the aromatic ring, 

10 thereof. If at least two ion- exchange 

substituent s are present on the ring, A .may also , 
be hydrogen. In a particularly preferred 
embodiment,, A is selected from. the : group. - 
consisting of OR (where R is selected from-, the 

15 group consisting of .alkyl, and fluoroalkyl) and. at 
least a, portion of the monomer units include two : 
S0 3 H substituents on the aromatic ring, thereof 

In another embodiment., an, ,ion- exchange , 
membrane comprises, a preformed polymeric base film 

20 with grafted chains, comprising monomer units of- 

formula. .(IV), ..where A is .( CH 2 .) n Ph .and (CE a: ) n -Ph .(where 
n is an integer greater .than zero) or more- r 
preferably Eh, .QPh, SPh.or N(R) : Ph. (where ; R .is., 
selected from the group consisting of hydrogen,. 

25 Ph, alkyl and. fluoroalkyl) anqi at least a portion 
of the. monomer ,unit$ include, at least one ion- - 
exchange substituent .on an aromatic ring thereof. 
In preferred embodiments at least a portion of the 
monomer units include _at least two ion- exchange.; 

30 substituents which may the same or different from 
each other. These monomer units have more than 
one aromatic ring and therefore facilitate the 
introduction of more than one ion- exchange group 
per monomer unit. In a particularly preferred 

3 5 embodiment A is OPh and at least a portion of the 
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monomer units include two S0 3 H substituents ;" : 



5 



In a still further embodiment / "an" ion- : " * ! 
exchange membrane comprises a preformed' polymeric 
base film- with grafted chains comprising.-^ 
units of formula (V) : 1 ' ■ : ■'' 



— CF-CF,— 




\ 



(V) 



10 



B is selected from the group consisting of 



hydrogen, J 'OR, SR, NRR ' (where R and ; R ' are 
independently selected from the group consisting 

15 of alkyl, fluoiroalkyl and aryl) , Ph, OPh, SPh, 
N(R)Ph (where R is selected from the group 
consisting of hydrogen, Ph, alkyl and 
f luoroalkyl) , (CH : 2 ) n Ph arid (CF 2 )^Ph (where ri is an 
integer ' greater than- zero)-, and at least a portion 

20 of the-' monomer iinit£ include at least one' ion- 
exchange substituent on the naphthyl • ririg 
structure thereof. In preferred embodiments at 
least a portion of the monomer units include at 
least two ion-exchange substituents, which may the 

25 same or different from each .other, on the naphthyl 
ring structure thereof . These naphthyl monomer 
units facilitate the introduction of more than one 
ion -exchange group per monomer unit'. 



30 which at least a portion of the monomer units 
include at least two ion-exchange substituents 
enable ion-exchange membranes wherein the grafted 
chains include an average of greater than one ion- 
exchange substituent per monomer unit in the 

35 grafted chains. In these particularly preferred 



The preferred embodiments described above in 
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ion- exchange membranes, not every monomer unit- in 
the grafted chains necessarily . includes two. or 
even- .one . ion-exchange substituent . but because *• 
enough,. monomer units include two or more ion- n . 
5 exchange substituents , on average the monomer- . 
units in the chain include more than one ion- 
exchange substituent. 

* The ion- exchange membranes described above 
may include more than one different type of ion- 

10 exchange group in the grafted chains, for example 
it is possible to incorporate both anion- and 
cation-exchange groups. .The different ion-,, 
exchange groups, may be^ introduced*. In post-grafting 
reactions, however, it is, generally more- convenient 

15 to introduce at least, one of; -them via • a precursor 
substituent present-.- on , one of v - the graft :; 
polymerized monomers-. ; 

Another; embodiment of an ion T exchange_ - . v - ; 
..membrane comprises . ( a preformed polymeric base film. 

20 with-, grafted chains comprising a first monomer » :l 
unit of formula- - (VI ). : ,. , - ! ■ . - 

" ' " ' "\ — CF-CF 2 — 

(VI) 

and a second monomer unit, of formula (VII) : 
3 0 — CF-CFj— • . , 

(VII) 

35 wherein X x and X 2 are different ion-exchange 
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groups . Again these substituents may ioet' ' " ' ' 
introduced via precursor groups present in' the 1 
grafted monomers, or subsequently to the giraf t 
polymerization reaction. ' ' - . ' r r; 

5 In all the above embodiments of an 'idn- 

exchange membrane, preferred ion-exchahge' 
substituents or groups are S0 3 H, P0 2 H 2 , 
P0 3 H 2 , CH 2 P0 3 H 2 , COOH, 0S0 3 H, OP0 2 H 2/ OP0 3 H 2 , NRR ' R"' , ■ 
and CH 2 NRR'R" + (where R, ; R 1 and R" are " 

10 independently selected from the group consisting' 
of hydrogen, alkyl, fluoroalkyl and aryl) . The 4 
sulfonic acid substituent . S0 3 H, is particularly 
■ preferred. ' : 

-In any of the embodiments of an ion- exchange 

15 membrane described above the grafted' chains may 
be homopolymeric or -may be ■copolymeric.' 
Copolymeric grafted chains' may 'comprise, or may 
consist predominantly 'of , one or more monomer 
units described' by tHe r formulae. ■■ In some 

20 embodiments , copolymeric grafted' chains may ' 

consist of a ■ mixture of ' monomer units described "by 
the formulae';-" ■ ' - ; - . r 

The preformed' 'polymeric film or substrate for 
the grafting reaction is' preferably selected so 

25 that it imparts mechanical- strength to the • 
''membrane and will-be physically " and chemically 
stable to «■ irradiation and under the conditions to 
which it is to be exposed in v the end-use " ' 
application for the membrane. Suitable materials 

30 generally include homopolymers or copolymers of 
non-f luorinated, f luorinated and perf luorinated 
vinyl- monomers-. Fluorinated and perf luorinated 
polymers are preferred for certain applications 
due to their enhanced oxidative and thermal 

35 stability. 'Suitable materials include , but are 
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not limited. to, polyvinyl idene fluoride, 
poly (tetraf luoroethylene-co-perf luorovinylether) , 
poly (tet^af luoroethylene-co-hexaf luoropropylene) , 
poly (chlorotrif luoroethylene-co-ethylene) ... , 
5 polyethylene and polypropylene, and particularly 
poly (ethylene -co- tetraf luoroethylene) and , 
polytetraf luoroethylene . 

The polymeric base film may be porous or 
substantially gas : impermeable.. Porous base , films 

10 may be, .used where the resultant grafted .membrane 
is not required to be , gas impermeable, for 
example, in . filtration applications. . However for 
most electrochemical applications it is \ preferable 
that the ion-exchange, membranes, and. therefore the 

15 polymeric base film,... be substantially . gas , , ; , : 
impermeable, for example .for use in , : - > ; 
electrochemical .fuel, cells. In these or other 
applications, the, ion-^exchange membranes, may, be 
used in conjunction with one or, more electrodes, 

20 in some cases in a ^consolidated .electrode... , ■. 
. .apparatus or a membrane ^electrode assembly. . 

Even when the grafted chains have a high ion- 
. exchange ; capacity, which v in. isolation would tend 
to render them more, water-soluble , .the presence of 

25 the polymeric base film, in, the grafted membranes 

can reduce the water, solubility of the membrane as 
a whole and. increase dimensional stability . on 
hydration/dehydration*. This is an important 
advantage of these grafted ion-exchange. membranes 

30 in applications, such as fuel cells, where high 
ion-exchange, capacity but water insolubility,- > 
dimensional stability pid low water content are 
desirable properties. Also, some of, the 
homopolymers and copolymers described herein as. 

35 grafted chains, would be unlikely .to form 
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mechanically stable membranes irl isolation : J brfce 
again the -presence of the base film s can i: Impart ! f; ; 
desirable properties to the' grafted membrane . : '° J 
Also; depending on the nature of the pireformed 
5 polymeric base film and the functionality of the" 
grafted chains, the grafted ion-^xchahge membranes 
may reduce reactant crossover in fuel cell 
applications^ for example, in direct methanol fuel 
cells 

10 The : properties, of .. the grafted membranes mky 

be modified : through varying degrees of cross- 
linking of the grafted chains by known methods/ 
such as., thermolysis ,i photolysis , plasma treatment 
and ^electron' beam irradiation processes or the use 

15 of. crosslinking agents . 

As used" above the term fluoroalkyr means any 
partially fluorinated or perf luorinated alkyl 
group,, and the. term halomethyl means any part ially 
or fully, halogenated methyl .group. The , 

2 0 abbreviation. Ph is used- to represent a phenyl 
group . .; . ■ - . ■ • -• : • *.. -• • • 

Brief Description Of The Drawings 

FIG/ 1 is a plot of cell voltage as' a 
25 function of current density (expressed in' 
milliamperes per square centimeter) in an 
electrochemical fuel cell employing a sulfonated 
membrane" of p-MeO-TFS grafted poly (ethylene-co- 
tetraf luoroethylene) (Tefzel®, trademark of 
30 DuPont) and operating on hydrogen- oxygen (plot A) 
J and .hydrogen-air (plot B) . 

FIG. 2 is a plot of cell voltage as a 
function of current density (expressed in 
milliamperes per square centimeter) in an liquid 
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feed direct methanol ,fuel cell, employing a 
sulfonated.. membrane of p-MeO-TFS grafted, - 
poly (ethylene-co-tetraf luoroethylene) (plot C) , a 
Nafion®. 11,2. (trademark of DuPont). membrane . (plot 
5 D ) , and a... Nafion® 117 (trademark of DuPont) - 
membrane (plot E) . 



Detailed- Description Of The Preferred Embodiments 

Any radiation capable of introducing ( 

10 sufficient- concentrations 1 of free, radical . ; sites on 
the base polymeric f ilm- may be- ; used in the ' . 
preparation .of ■ the grafted polymeric membranes* 
described herein. For,. - example*,/ the irradiation. . 
, may be by gamma - rays , X-rays* or . electron; 'beam . 

15 Electron beam irradiation is. generally preferable 
as the proces.s times are short and thus, more 
suited. ;to high, volume product ion. processes ... The 
decay of the source and \. typically longer reactions 
times required with, -gamma .radiation render it less 

20 sui table; for high -volume manufacturing processes-. 

The preformed polymeric base film may be pre - 
irradiated prior to bringing it into contact with 
the monomer or monomer ! mixture to be -grafted or ■ 
the substrate and monomer,(s) may be irradiated 

25 together . (co-irradiation). . , , 

In the grafting reaction, the polymeric base 
film is treated with the ^monomer (s) in the liquid 
phase, either as neat liquids or in a solution , 
It can be advantageous to select a .solvent which 

30 will cause the solution to penetrate the base film 
and cause it to swell. This facilitates grafting 
of the monomer (s) throughout the membrane 
thickness. Preferably the irradiation and grafting 
process is carried out in an inert atmosphere. 



# 
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For the preparation of membranes.;.'. 'graft ing to 
a preformed base film is generally more. ;efficient 
and cost-effective than grafting to .-a .substrate ;,in 
some other form such as a powder and then forming 
5 a membrane from the graft material . 

The following examples are for purposes of 
illustration and are not intended to limit the 
invention'. ' 

10 EXAMPLE 1 

Grafting of p-S0 2 F-TFS to poly (ethylene- co- 
tetraf luoroethylene) (Tef zel®) Film 

A 2 mil (apprdx. 50 pm) thick, 7 inch x 7 
15 inch .■{"17'. 78- cm x 17.78' cm) piece of poly (ethylene - 
co-tetraf luoroethylene) (Tefzel®) film was 
irradiateJd with a dose of 5.2 Mrad using a cobalt - 
60 gamma radiation source, in an inert atmosphere. 
The ! irradiated base film was kept at -30°C in 

2 0 inert atmosphere prior to use. 

The irradiated membrane was placed in a 
reactor chamber. and treated with neat, freshly 
distilled -p-S0 2 F-TFS j (.20.0 g)- in an inert -atmosphere 

at 50°C for 50 hours. The membrane was removed and 
25 washed with heptane. The percentage graft, which 
is calculated' by expressing the weight increase of 
the film as a percentage of the weight of the 
grafted film, was 20%.- The grafted film was' 
placed in a .33% w/v aqueous solution of potassium 

3 0 hydroxide at 8 0°C to hydrolyze the sulfonyl 

fluoride substituents to give : a theoretical - 
equivalent wieight of approximately 1500 g/mole 
based on the percentage graft . 
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; .. u. ;The :.abov.e: procedure was also performed using 
a G*' mil. . (aipprox. 75' (am) thick, 7 inch x 7 inch* 
~(17.78 v cm : x 17-. 78 cm) piece' of film, and gave v a 
^arriilar 'pfercentage graft. 

5 - • • ' * : 

' '" ' EXAMPLE 2 

Grafting of p-PhO-TFS to poly (ethylene- co- 
te trafluoroe thylene ) (Tefzel®) Film and 
Sulfonation of the Grafted Membrane 

10 - ^ v . • V : .■' ' 

a) A. 2 mil (approx. 50 fim)-. thick, 7 inch x 
7 inch (17.78 cm x 17.78 cm) film of 

poly (ethylene-co-tetraf luoroethylene) (Tefzel®) 
was, irradiated, with a dose of 5.3 Mrad using a : . 
15 cobalt -60 gamma , radiation s t purce , .in. an jinert 

atmosphere. The irradiated base film was kept, at 
-30°C in inert atmosphere prior to use, The 
irradiated membrane was treated with . a- degassed 
solution of p-PhO-TFS ( 86 . 8 g) in toluene (86.8 g) 

20 in an .inert atmosphere :a,t ; - 5 0°G- for : approximately 
100 hours. . The membrane was removed" and washed 
. with heptane : and dried at : 30°C . The percentage 
..-■graft was ,11%. i; • >.->■ ,C" . 

b) . The grafted membrane was sulfonated by 
25 immersion in a solution, of chlorosulf onic acid .(60 

mL) .in 1 , 1 , 2 , 2 r tetrachloroethane (140 mL) for 1.5 
hours at 100°C.-- The resultant ion-exchange 
, membr.ane was washed with water . The equivalent 
weight of the hydrolyzed membrane^ was 1490 g/mole, 
30 indicating incorporation of an average of., . 

approximately two .sulfonic acid .sites per monomer 
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unit in the grafted chains', with' a water 'cohtent 
of 11% . ■ :; 

" ' EXAMPLE 3 * ' |ri - ' ' • ; 

5 Grafting of p-MeO-TFS to poly (ethylene- co- 

te traf luoroethylene) (Tefzel®) Film. .and 
Sulfonation of the Grafted Membrane- 

A 2 mil (approx. 50 \im) thick, 7 inch x 7 
10 inch- (17.78 cm x 17.78 cm)- film of poly (ethylene - 
co-tetraf luoroethylene), (Tefzel®) was- irradiated, 
treated with a solution of p-MeO-TFS and 
sulfonated using a similar procedure to that 
described in Example 2. The resultant ion- 
15 exchange membrane had an equivalent weight of 1101 
g/mole . 

EXAMPLE 4 

Use of Sulfonated p-MeO-TFS grafted poly (ethylene - 
20 co-.tetraf luoroethylene), (Tefzel®) Membrane as an 
Ion-exchange Membrane ' in a File 1 Cell ; 

The membrane prepared as described , in Example 
3 was bonded to two -catalyzed carbon fiber, paper 
25 electrodes to form a membrane electrode assembly 
having a total platinum catalyst loading of 8 
.mg/cm 2 ^ The membrane electrode assembly was tested 
in a Ballard Mark IV single cell fuel cell.. The 
following operating conditions were used:. 
30 Temperature: 80°C 

Reactant inlet pressure : 

3 0 psig for oxidant and fuel 




• 
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10 



15 



. ,Reactant ;i stoichiometrics : 

2.0 oxidant and 1.5 hydrogen. : 
FIG. 1 shows polarization plots of voltage as 
a function of current density for the sulfonated 
grafted membrane employed in a membrane electrode 
assembly in the electrochemical fuel cell 
operating on hydrogen- oxygen (plot A) and 
hydrogen-air (plot B) . - 

. . EXAMPLE 5 

. Grafting* of p-MeO-TFS to, poly (ethylene -co- , 
tetraf luoroethylene) Film and Sulf onation of the 
Grafted Membrane 

A '2 mil (approx.'SO |im)* thick 8.5 inchfx 8.5 
inch film of poly (ethylene-co- tetraf luoroethylene ) 
film was irradiated with a dose of 3 Mrad using a 
high energy electron beam irradiation source, in 
an inert atmosphere. The 'irradiated base film was 
kept : at ; -3 0°C in 'ah inert atmosphere prior to use. 
"The irradiated membrane was 'treated ..with neat,., 
freshly .distilled p-methoxy;<a, p ^(5-trif luorostyrene 

(p-MeO-TFS) in an inert atmosphere at 50°C for 6 0 
hdurs . 1 The membrane f was 4 removed ' and washed with 
toluene and then dichloromethane , and then dried 
under vacuum 1 . 'The percentage graft was 48%. 

The grafted membrane was sulfonated using' a 
similar procedure to that described in Example 2. 

The resultant ion- exchange membrane- had an 
equivalent weight of 679 g/mole. 
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EXAMPLE 6 v ' - • * T - 

Use of Sulfonated p-MeO-TFS grafted poly (ethylene - 
co- tetraf luor ©ethylene) Membrane as an Ipn- 
exchange Membrane in a Direct Methanol F,uel Cell 

5 _ 

, Three , membrane electrode assemblies wer.e . .i ; 
prepared by bonding a, pair of catalyzed carbon \ - 
fiber paper electrodes to each of three different 
membranes. The three assemblies had similar, but 

10 not identical, electrode structures. In each case 
the active area was 49 cm 2 , and a platinum black 
catalyst was used at the cathode and a 
platinum/ruthenium catalyst was used at ■■the anode. 
In the first assembly, the "membrane of Example 5, 

15 with a ^-thickness of 50 microns and an ■ equivalent 
weight of 679 g/mole was used. In the second 
assembly a Nafion® 112 membrane with a thickness 
of 50. microns and an equivalent weight of 1100 
g/mole was used. The third assembly employed a 

2 0 Nafion® 117 membrane with a thickness of 175 

microns and an equivalent weight of 11,00 g/mole. 

Each membrane electrode assembly was tested 
in a .Ballard liquid, feed direct methanol fuel cell 
(0.4M aqueous methanol as fuel, air as oxidant , 

25 operating temperature approximately 110 °G and. 
reactant pressure approximately. 30 psig) •. ; 

FIG. 2 shows polarization plots of voltage- as 
. a : function of current density for the sulfonated, 
grafted membrane (plot C).., the Nafion® 112 

30 membrane (plot D) and the Nafion® 117 membrane 

(plot E) employed in a membrane electrode assembly 
in the direct methanol fuel cell. Jhe performance 
of the sulfonated grafted membrane is comparable 
with that of the Nafion®. 112 membrane, and is 
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considerably better than that of the thicker 

Naf ion® 117 membrane, especially at higher current 

densities. 

The percentage of methanol crossover was 
5 determined ' for each operating cell at two 

different current densities, by gas chromatograhy 
analysis' of carbon monoxide found in' the cathode 
exhaust:/ The results are ihown in Table 1: 

10 Table 1 

t 

: t . Current Density 

Membrane 100 mA/cm 2 , .< 2 00 mA/cm 2 ~ 

: ■ - - — : — ; ; 77-; 

Grafted Membrane ' : -20% 2 % 

of : -Example 1 5 : v * r ' 

Naf ion® 112' ■ ' • 33% ' - 21% 

Naf ion®' 117 ; • ' 18% • ; ■ 2% ' 

The values / (which have not been corrected for 
carbon monoxide 'permeating through the meinbrane 
from anode' to cathode) ' indicate that : the 

15 sulfonated 'grafted membrane' of Example 5 gave a Vl 
considerably lower percentage of methanol v 
crossover : than- : a 'conventional Naf ion® 112 membrane 
of substantially the' same thickness. The 
percentage crossover values for the sulfonated • 

20 grafted membrane" were ; almost as low as -for the ' 
much thicker Naf ion® 117 membrane*. Thus, in' a 
liquid feed direct methanol fuel cell the 
sulfonated grafted membrane exhibited' excellent T 
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fuel cell performance combined with ^substantially 
reduced methanol crossover. 

While particular elements, embodiments • and '-'i 
5 applications of the present invention have been . 
shown and described', it will be understood - ~6f v 
course, that the invention is not limited thereto 
since modifications may be made by those skilled 
in the art, particularly in light of the foregoing 
10 teachings. It is therefore contemplated by the 
appended claims to cover such modifications as 
incorporate those features which come within the 
spirit and scope of the invention. 
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What .is -claimed is: - . - - 

1. A membrane comprising a preformed 
polymeric^base film to which has been graft 
polymerized a -monomer selected -from the. group 
consisting of monomers of formula (I) 




and formula (II) 



15 




(ID 



B 



where A and B are independently selected from 
the group consisting of: 
2 0 OR, SR, NRR 1 (where R and R' are 

independently selected from the group consisting 
of alkyl , fluoroalkyl and aryl) , 

Ph, OPh, SPh, N(R)Ph (where R is selected 
from the group consisting of hydrogen, Ph, alkyl 
25 and fluoroalkyl), (CH 2 ) n Ph and (CF 2 ) n Ph (where n is 
an integer greater than zero) , 

S0 2 X (where X is selected from the group 
consisting of F, CI, Br, I), OH, NH 2 , CN, and N0 2 , 



30 



and the group from which B is selected 
further consists of hydrogen. 
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2. A membrane according to cTairrr i J 
comprising a preformed polymeric base film to ' 
which has been graft polymerized a monomer 5 of " " 

5 formula (I) wherein A is selected from the group 
consisting of OR, SR, NRR' (where R arid' R' are 
independently selected from the group 'consisting 
of alkyl, fluoroalkyl and aryl) . 

3. A membrane according to claim 1 ' 
comprising a preformed polymeric base film to 1 
which has been graft polymerized a monomer of 
formula (I) wherein A is selected from the group 

5 consisting of Ph, OPh, SPh, N(R)Ph (where R is 
selected from the group consisting of hydrogen, 
Ph, alkyl and fluoroalkyl) . 

' 4 . * 'A membrane according to claim 1 
comprising a preformed 'polymeric base film to 
which has been graft polymerized a monomer of 
formula (II) wherein B is selected from the group 
5 consisting of 1 hydrogen; OR , • SR, NRR ' (where R and 
R' are independently selected from the group'" 
consisting of alkyl, fluoroalkyl and aryl), Ph, 
OPh, SPh, N(R)Ph (where R is selected from the 
group consisting of hydrogen, Ph, alkyl and 
10 fluoroalkyl); ' •• ' '■ - " ' : ' 

5. A membrane according to claim- 1 - ' * 
comprising a preformed polymeric base film to 
which has been graft polymerized a single monomer 
whereby the grafted chains ; are homopolymeric . 



6. A membrane according to claim 1 
comprising a preformed polymeric base film to 
which has been graft polymerized more than one 
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5 monomer selected from the group consisting of 

monomers ,of formula (I) and formula (II), whereby 
said grafpe.d chains are copolymeric . 

. ,7. . A A membrane according to claim 1. - 
comprising a preformed polymeric : base film to 
which has been graft polymerized a monomer of 
formula (III) with said monomer selected from the 
5 group consisting of monomers of .formula (I) and 
formula .(II) r 



10 




- (Ill) 



where ( D is selected, from the group consisting 
of hydrogen, halomethyl, perf luoroalkyl , . .; . 
15 perf luoroalkenyl and. fluorine and S0 3 "M*. 

8.. . A membrane according to . claim . 1. wherein 
at least, a pprtion t of the grafted-, chains are. 
cross- linked. , . > .. ; . t , ... 

9 . A method of. preparing , a membrane, 
comprising graft polymerizing to a preformed 
polymeric base film a monomer selected from the 
group consisting of monomers of formula (I) 



CF='CF 2 ' 

6. 



.(i) 
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and formula (II) 




CF=CF 2 



(ID 



15 



where A and B are independently selected; from 
the group consisting of: 

OR, SR, NRR' (where R and R' are 
20 independently selected from the group consisting 
of alkyl, fluoroalkyl and aryl) , 

Ph, OPh, SPh, N(R)Ph (where R is selected 
from the group consisting of hydrogen, Ph, alkyl 
and f luoroal-kyl) , (CH 2 ) ;H Ph . and (CF 2 ) n Ph (where n is 
25 an integer greater than zero),: : 

S0 2 X .,( where. X. is selected : f rom the group 
consisting of \F, Cl , Br , :D OH,v,NH 2 , .CN, and N0 2 , 



30 further . consists of hydrogen. . 

10. A membrane prepared by subjecting a 
membrane of claim 1 to a reaction process selected 
from the group consisting of sulfonat ion, 
phosphonation, phosphorylation, : amination, i. 
5 carboxylation; hydroxylation and nitration. . .-. 



and . the .group from which B Y Ls selected 



11, An ion-exchange membrane comprising a 
preformed polymeric base film -with grafted chains 
comprising monomer, units selected from the group 
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consisting of monomer units of formula (IV)' . • ■ > 

5 




(IV) 



10 

and' " f o rmu 1 a ( V ) 




where A and B are. independently, .selected from 
the group consisting of::-:; - ; 
20 OH, OR,.. SR, NRR', (where R and' R- 1 . a re- 

independent ly selected from the group ■ consisting . 
of alkyl, fluoroalkyl and aryl) , 

Ph,,.;OPh,- SPh, -N(R)Ph (where R , is Selected 
from the group consisting ;.of hydrogen, Ph, alkyl 
25 and fluoroalkyl), (CH 2 ) n Ph.and (CF 2 ) n Ph (where n is 
an integer .greater than „ zero) ;. \ : ; 

, and the group . from which B is selected \ : 
further consists of • hydrogen/ 

wherein at • least a portion of said monomer 
3 0 units comprise, at. least , one ■ ion-exchange 
substituent. 

12'. An ion-exchange membrane according to 

clainv 11 wherein at least a portion of said' 

monomer units comprise at least two ion-exchange 
substituents . 



[ 
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13. An ion-exchange membrane 'according to' 
claim 11 wherein said grafted chains 'comprise an 
average of greater than one ion-exchange 
substituent per monomer unit in said grafted 

5 chains . • 

14. An ion-exchange membrane according- to' 
claim 11. wherein said grafted chains comprise a€ : 
least two different types of ion-exchange groups. 

15. An ion-exchange membrane according to 
claim 14 wherein said grafted chains comprise an 
anion exchange group and a cation 1 exchange group. 

16. An ion-exchange membrane according to 
claim 11 wherein at least a portion of the grafted 
chains are' cross-linked. ;! " ' ■ 

17. An ion-exchange membrane according to 
claim 11 wherein said ion-exchange membrane is 
substantially gas impermeable. : 

18. An ion-exchange membrane according to 
claim 12 wherein said 'monomer units are of 'formula 
(IV) and the group -from which A is 'selected 'from* 
consists of hydrogen, OR, SR, NRR ' (where R and R' 

5 are independently selected from the group 
consisting of alkyl-/ fluoroalkyl and aryl) . 

19. An ion-exchange membrane according to 
claim 18 wherein A is selected from the group 
consisting of OR (where R is selected from the 
group consisting of alkyl and fluoroalkyl) and at 



/ 
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5 least , a portion_,.of said monome,r units comprise two 
S0 3 H subst it uents , . ; 

2.0 . : ;f An ion-exchange membrane according to 
claim 12 wherein said monomer units are of formula 

(IV) and the group from which A is selected from 
consists^ of .Ph, OPh, SPh, N(R)_Ph (where R is 

5 s^lecte4- from the group consisting . of hydrogen> f 
Ph., alkyl i and fluoroalkyl) , (CH^Ph and (CF 2 ) n Ph.. 
(where n is an integer greater than zero) . 

21. An ion- exchange membrane according to, 
claim 20 wherein , A is OPh„ and at, .least .a- portion 
of said monomer units comprise two S0 3 H 
substituents . ■ . v . t v . 

22. An ion-exchange membrane . according, to . 
claim 12 wherein said monomer units are of formula 

(V) . ....... , ■ , : - - v ; - 

2 3 . An electrode apparatus comprising an- 
ion-exchange membrane of claim 17. 

. , , 24.. A. mejnbrane electrode- assembly , comprising 
an. ion- exchange membrane , of claim 17 ., 

25. ,j An- electrochemical fuel cell comprising 
an ion-exchange membrane - of claim 17 .- 

. * 26,. ,An electrochemical fuel cell according 
to claim 25 wherein said preformed polymeric base 
film;, is less than 50 -jim thick ... . « 
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27-. ' An ion-exchange membrane" 'comprising a 
preformed polymeric" base film with %raf tfe'd' "chains 
comprising a first monomer unit of formula (VI) 

5 ' — CF— CF 2 — ••' 

• • ■:■ • (VI) 




10 and a second monomer unit of formula (VII) 

— CF—CF 2 — 




■ . •■ (VII) 

II 



15 , J : • : X 2 



wherein X x and X 2 are different ion-exchange 
substituents . . - ,. . ' : -„ .: .. 

28. An ion-exchange membrane . according - to ' - 
claim 27 wherein at least a portion of the grafted 
chains are cross-linked. 



29. An ion-exchange membrane according to 
claim 27 wherein said ion-exchange membrane is 
substantially gas impermeable. 

30. An electrode apparatus comprising an 
ion-exchange membrane of claim 29. 

31. A membrane electrode assembly comprising 
an ion-exchange membrane of claim 29. 
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32 . T An ..electrochemical fuel .cell, comprising 
an ion- exchange membrane of claim 29. 

33 . An electrochemical fuel cell according 
to claim 32 wherein said preformed polymeric base 
'f.ilm is less than 50 ^m thick. 

34 . A liquid feed -electrochemical fuel cell 
comprising an ion-exchange membrane of claim 17. 

35. A liquid feed electrochemical fuel cell 
according to claim 34 Wherein said fuel cell is a 
direct methanol fuel cell;... 

36. A liquid feed electrochemical fuel cell 
comprising an ion-exchange membrane of claim 29. 

37. An electrochemical fuel cell according: 
to claim 36 wherein said fuel cell is a direct 
methanol fuel cell. v. .*.*•. . :■ ' : . 
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